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Abstract.  Neurites of PC12 and chick dorsal root gan- 
glion neurons behave as viscoelastic solids in response 
to applied forces. This passive behavior can be mod- 
eled with three mechanical elements; a relatively stiff, 
undamped spring in series with a Voight element com- 
posed of a less stiff spring in parallel with a dashpot. 
In response to applied tensions >100 microdynes, 
PC12 cells show lengthening  behavior distinct from 
and in addition to the passive viscoelastic response. 
We interpret this as "towed growth" (Bray,  D.  1984. 
Dev. Biol. 102:379-389) because the neurites can be- 
come twice as long without obvious thinning  of the 
neurite and because in two cases neurite tensions fell 
below original  rest tensions,  a  result that cannot be 
obtained with passive viscoelastic elements.  The rate 
of towed growth showed a  linear dependence of growth 
rate with applied tensions in 8 of 12 PC12 neurites ex- 
posed to applied tension >100 microdynes. Both PC12 
and chick sensory neurons showed evidence of retrac- 
tion when neurite tensions were suddenly diminished. 
This response was measured as tension recovery after 
slackening in chick sensory neurites.  In 62%  of the 
cases, tension recovery exceeded and sometimes dou- 
bled the preexperimental  steady-state tension.  Our data 
indicate that this response is active tension generation 
by the neurite shaft.  We conclude that neurite length is 
regulated by axial tension in both elongation and 
retraction.  Our data suggest a three-way controller: 
above some tension set point, the neurite is stimulated 
to elongate. Below some different, lower tension 
threshold the neurite is stimulated to retract.  Between 
these two tension thresholds,  the neurite responds pas- 
sively as a viscoelastic solid. 
N 
'BURONAL shape and the complex pattern of connec- 
tions in the nervous system depend on both progres- 
sive and regressive processes-e.g., axonal elonga- 
tion and axonal elimination  (Cowan et al., 1984; Purves and 
Lichtman, 1985). Axonal elongation appears to be regulated 
by mechanical tension.  The last, "towing" phase of axonal 
elongation  was long thought  to be dependent upon tension 
caused by the migration  of the neuron's  target cell (Weiss, 
1941). Bray (1984) confirmed this by eliciting ultrastructur- 
ally normal axonal elongation by experimentally  applied ten- 
sion.  Recently,  we showed that  advancing  chick  sensory 
growth cones pull on their neurite shafts which grow from 
this  tension  (Lamoureux et al.,  1989).  Thus,  the earlier, 
growth cone-mediated,  elongation  phases of "pioneering" 
and "application" (Weiss, 1941) also seem at least partly regu- 
lated by mechanical  tension,  as proposed originally  by Bray 
(1982).  In some tissues, the growth process overproduces 
synaptic  connections, and axonal  elimination  subsequently 
occurs to produce the adult synaptic  pattern  (Purves and 
Lichtman,  1980).  In  the best studied  system,  polyneural 
innervation  of skeletal  muscle,  axonal  elimination  occurs 
by axonal  retraction  not  degeneration  (Korneliussen  and 
Jansen,  1976; Bixby, 1981; Riley,  1981; Morrison-Graham, 
1983).  This indicates  that axonal elimination  also depends 
upon cytomechanics since retraction must involve some force, 
presumably axonal tension,  to withdraw the supernumerary 
processes. Campenot (1985) experimentally stimulated both 
neurite elongation and retraction  of cultured rat sympathetic 
neurons by the addition or subtraction of nerve growth factor 
to different regions of the cells.  The movement of cell body 
masses in response to neurite elongation  and retraction  sug- 
gested that both were regu!ated by mechanical  tension. 
To better understand  the role of mechanical  force in neu- 
ronal shape and growth, we have undertaken a quantitative 
investigation  of the cytomechanics of PC12 cells and chick 
sensory neurons.  Our results indicate that neurons are sensi- 
tive to the continuum of neurite  tensions,  with nerve fiber 
length  regulated  in part by those tensions. 
Materials and Methods 
Vector Analysis of  Axial Force in PC12 Neurites 
PCI2 cells were cultured as previously described (Joshi et al., 1985).  Neu- 
rite rest tensions and spring constants were measured by short-duration dis- 
tensions as described by Dennerll et al. (1988).  Using a modification of  this 
method, the neurite was subsequently exposed to a long-duration distension 
(Fig. 1). Specifically, an initial rapid deflection  of  the calibrated force needle 
orthogunal to the neurite center was followed by 25-85-min periods during 
which the micromanipulator was undisturbed to allow for neurit¢ lengthen- 
ing (creep) and stress relaxation of the needle. A trial was ended by lifting 
the force needle and thereby releasing the neurit¢. As a control for ambigu- 
ous sources of neurite extension, trials were analyzed only if the growth 
cone-to-cell body distance changed <5 %: i.e., neither the growth cone nor 
the cell body moved.  Indeed, ¢vidence that the cells were healthy and 
unaffected by the micromanipulations were those cases in which the growth 
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The Journal of  Cell Biology, Volume 109 (No. 6, Pt. 1), Dec. 1989 3073-3083  3073 Figure 1. Lateral  displacement method for measurement of PCI2 tension and length changes. A calibrated  glass needle is used to distend 
the neurite laterally  at the neurite center, and the micromanipulator position is then held. Over time the neurite lengthens. Release of the 
needle allows for recovery of the neurite distension and for the needle to assume its zero force position for the applied micromanipulator 
movement. From the video record of the experiment, a  measurement is taken of rest length  (Lo) and,  at  1-2-min intervals,  of neurite 
lateral  displacements  (bin,/,2...bJ  and the corresponding needle deflections  (din..  ~/n). From these measured values at each time point, 
distended neurite lengths are determined by trigonometry and axial neurite tensions by vector algebra as described by Dennerll et al. (1988). 
Bar,  30/~m. 
cone advanced significantly during the micromanipulation, causing the ex- 
periment to be discarded. In the few cases in which more than one neurite 
from a cell was examined, the first neurite remained normal and undamaged 
throughout  the subsequent period of manipulation on the sister neurite. 
From the video record of  these long-duration distensions, measurements of 
orthogonal neurite distension (b) and corresponding needle deflection from 
equilibrium (d) were taken at intervals of 1-2 rain. These were used to cal- 
culate time records of  neurite axial tensions and distended lengths using the 
vector analysis and trigonometric method described previously (Dennerll 
et al., 1988). In some experiments, a stock solution of taxol in DMSO (a 
gift of Dr. Mathew Suffness, Developmental Therapeutics Program of the 
National Cancer Institute, Bethesda, MD) was added to the culture media 
to achieve a final concentration  of 1 /~M taxol and 0.1% DMSO. Long- 
duration distensions were begun 5-10 min after addition of the drug. 
Direct Axial Force Measurements in Chick Dorsal 
Root Ganglion (DRG)  1  Neurites 
Embryonic chick DRG neurons were grown as previously described (Baas 
and Heidemann,  1986). As shown in Fig. 2, DRG neurites were distended 
by pulling axially with the calibrated needle attached directly to the growth 
cone. Side deflection, as for PCI2, frequently detached the growth cone, 
making distension  impossible.  A glass  needle calibrated  for its bending 
modulus (Ca/) as described (Dennerli et al., 1988) was treated by immer- 
sion in 0.1% polylysine in PBS, then in 1 mg/ml collagen type IV (Sigma 
Chemical Co., St. Louis, MO) in PBS, and then in 20/~g/mi laminin (Col- 
laborative Research, Lexington, MA) in [.-15 medium; each immersion was 
for 30 rain at room temperature. This sequence of immersion was repeated 
with air drying between each step and the needle was stored. Immediately 
before  use,  the needle was treated  with  laminin  as above.  The  force- 
calibrated needle was mounted in a single micromanilmlator with its tip a 
short distance (r) from a stiffer reference needle. To maintain cells at physio- 
l. Abbreviation  used in this paper: DRG, dorsal root ganglion. 
logic temperatures and to minimize thermal changes in micromanipulator 
position,  the entire  laboratory  room  was maintained at  37°C. Neurites 
80-200/~m  long were manipulated to get the growth cone attached to the 
calibrated needle without detaching the cell body from the dish (Fig. 2). Af- 
ter growth cone attachment,  the needles were raised slightly so that only 
the cell body remained attached to the substratum and so that the neurite 
was at its original length. To obtain stable growth cone attachments and as 
a control for the effect of needle attachment, the neurite was not distended 
or slackened by micromanipulation for '~1 h. That is, before all DRG ex- 
periments, the neurite was allowed to reach an apparent plateau length and 
tension. For long-duration distension experiments, the attached neurite ter- 
minal was rapidly drawn away distally, and this micromanipulator position 
was held for periods of 30-215 rain. From the video record of this disten- 
sion, measurements were taken at intervals of 1-4 rain of neurite length and 
needle gap distance (d +  r). Neurite axial tension was calculated for each 
measurement as the product of the calibrated needle deflection distance (d) 
and its force calibration constant (Cal). For slackening experiments, the at- 
tached neurite terminal was rapidly micromanipulatad proximally (backed 
up), and this micromanipulator position was held for periods of  25-160 rain. 
Tune records of neurite lengths and tensions were obtained as above. Be- 
cause the growth cone was attached to the needle, it was not possible to 
ascertain the growth of the neurite after manipulation.  However, several 
bouts of similar manipulations with the needle attached to the cell body do 
not cause any damage to the growth mechanism of the neurite (Lamoureux 
et al., 1989). 
Determination of  Neurite Mechanical Constants 
and Computer Simulation of  Neurite Viscoelastic 
Distension Behavior 
We have modeled neurite distension behavior with a system of two springs 
and a dashpot (Fig. 5). The values for these three mechanical constants were 
determined from the distension data for each neurite modeled. According 
The Journal of Cell Biology, Volume 109, 1989  3074 Figure 2. Direct axial method for measurement of chick DRG neurite tension and length changes. A growth cone is attached to a calibrated 
glass needle that is mounted a short reference distance (r) from a stiff, unloaded reference needle that moves only with movement of the 
micromanipulator system. A  single, axial, distal movement of the needles is applied to the neurite and held for periods of 30-215 rain. 
From a  videotape record of the experiment measurements are made of the reference distance, r, and, at intervals of 1-4 min, of neurite 
length and needle gap distance (d+r). These values are used to determine for each time point neurite axial tension (d ×  calibration factor 
of needle, where d  =  gap distance -  r) and changes in neurite length. The sole modification of this technique for measurement of tension 
generation by the neurite shaft is that a  single, axial, proximal micromanipulator movement is made to initially slacken the neurite. Bar, 
40 #m. 
to classical mechanical concepts, the Voight dement response is "sluggish;' 
its motion is effectively nil during transient changes in system tension. How- 
ever, the free spring (modulus kl in microdynes per micrometer) does re- 
spond immediately and is therefore the only mechanical dement to move 
during short-duration (1-2  s) distensions.  The value for kl was therefore 
obtained from the slope of a plot of neurite tension against neurite length 
change from a series of short-duration distensions (Dennerll et al.,  1988). 
Similarly,  an overall neurite elastic modulus,  Kn,, was obtained by divid- 
ing the net change in neurite tension by the corresponding change in neurite 
length using steady-state values ("plateau values") at the beginning and end 
of the long-duration distension experiments.  Because we are comparing two 
steady-state values, the dashpot  has a negligible  effect and the following rela- 
tion holds: I/KnN =  l/kl  +  l/k2. The value for the Voight element spring 
(modulus k2)  is  thus (rearranging  this  equation) k2 =  I/([I/K~  -  [I/ku]).  Be- 
cause of noise in the long-duration data, dashpot (viscosity)  constant (H) 
was calculated by matching the experimental data to that predicted from a 
numerical soLution  (described below) of the relevant  differential equation for 
various test values of H. 
The differential  equation relating force  to distension for the proposed 
model (Fig.  5) is easily solved for an axial step change in force ortce kl, 
k2, H, Cal, and the initial and applied forces are known.  A computer pro- 
gram was developed that allowed us to enter these values as well as a time 
interval between calculations and a total time duration for the experiment. 
The program then simulated the neurite lengths and axial tensions as a func- 
tion of distension time. All but the value of H  was known from the ex- 
perimental data. We arrived at a value for H by interactively minimizing the 
differences  between predicted and experimental behaviors.  For orthogonal 
pulling experiments on PC12, the procedure for simulating neurite disten- 
sion was similar but more complex since the relevant differential equation 
could not be solved analyticatly  (because of sin 0 terms). Thus, the com- 
puter first solved the differential  equation numerically using a version of 
Euler's method and then printed the results, as before,  for comparison with 
the experimental  data.  Please contact the authors for a copy of these pro- 
grams (written in APL) and their documentation. 
Results 
Viscoelastic Response to Neurite Distension 
In 20 trials on  13  PCI2  cells,  neurites  were observed for 
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Figure 3. Response of PC12 neurites to lateral displacement as in 
Fig. 1. (A) Change in neurite length (neurite creep) with time after 
a single distension. (B) Change in neurite tension (stress relaxation) 
with time after a single distension. Typical of all applied tensions 
to PC12 <100 microdynes, an initial rapid change in length/tension 
(phase 1) is followed  by a damped approach (phase 2) to new plateau 
values. 
25-85 rain after a  single, orthogonal needle displacement 
(see Fig. I and Materials and Methods). In eight trials, initial 
applied forces were <100 microdynes; under these condi- 
tions, we observed a two-phase viscoelastic lengthening re- 
sponse and stress relaxation (Fig.  3).  A  rapid increase in 
neurite length and tension (phase 1) was followed by a slow, 
damped approach (phase 2) to plateau values where length 
increased and tension decreased. For these experiments, as 
seen in Fig. 3, plots of neurite tension over time mirror plots 
of  neurite length because neurite length and needle deflection 
are directly coupled. 
Recovery from these distensions after release was rapid; 
the neurite typically became visibly straight and normal in 
appearance within 1 rain. In all eight trials, a series of short- 
duration distensions were made 1-5 rain before and 1-10 rain 
after a  long-duration distension to determine if it had an 
effect on the neurite's elastic properties. After long-duration 
distensions, rest tensions averaged ll5  +  27% (SEM) and 
spring constants averaged 170  +  18 % of initial values. 
In 24 trials on 15 DRG neurons, neurites were observed 
for 30-215 min after a single axial pull from the distal end 
(see Fig. 2 and Materials and Methods). Like PC12, these 
neurites also exhibited a two-phase viscoelastic lengthening 
and tension response (Fig. 4).  However, unlike PC12, this 
reponse was not limited to applied forces <100 mic  .rodynes. 
Mechanical Model  for Passive Viscoelastic 
Behavior of  Neurites 
These data indicate that both PC12 and DRG neurites re- 
spond to long-duration distension as viscoelastic solids. By 
this we mean that the deformation response of neurites to ap- 
plied force has both fluid- and solid-like properties, resulting 
in a final equilibrium between force and deformation charac- 
teristic of solids. We have modeled this behavior with a sim- 
ple combination of three classical mechanical elements (Fig. 
5 A): a relatively stiff spring (spring constant k,) in series 
with a Voight element, which consists of a 0ess stiff) spring 
(k2) in parallel with a  dashpot (dashpot constant H).  The 
constants describing these three mechanical elements were 
calculated as described in Materials and Methods for two 
PC12 and two DRG neurites.  Essentially, the spring con- 
stants were determined analytically from the experimental 
data, and the dashpot constant was chosen by matching of 
mechanical model behavior to experimental observations. 
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Figure 4. Response of chick DRG neurite to axial stretch as in Fig. 
2. (A) Change in neurite length (neurite creep) with time after a sin- 
gle distension. (B) Change in neurite tension (stress relaxation) 
with time after a single distension. Chick sensory neurites, like 
PC12, also  respond to long-duration distensions with an initial 
rapid change in length/tension (phase 1) followed by a damped ap- 
proach (phase 2) to new plateau values. 
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F/gure 5. Mechanical model for the passive viscoelastic response 
of neurites to long-duration distensions and their behavior. (4) The 
combination of a relatively stiff, undamped spring (spring 1; con- 
stant kl) in series with a Voight element (spring 2; constant k2) in 
parallel with a dashpot (dashpot constant H) can be used to describe 
the cytomechanical response of neurites shown in Figs. 3 and 4. 
(R-C) The behavior of the mechanical system to a step increase in 
its length. ,4 shows the system before distension at equilibrium 
(force balance). (B) Immediately after distension, tension rises be- 
cause of the instantaneous response of spring 1. (C) At later times 
the dashpot flows allowing spring 2 to elongate and spring  1 to 
shorten, thus, lowering the measured tension until the system comes 
into equilibrium with equal tension in both springs. This final ten- 
sion will be slightly higher than the initial tension at ,4, shown by 
the extension of spring 1 relative to the upper dotted line. At any 
given time, the measurable system tension will be proportional to 
the extension of spring 1. 
As shown in Fig. 6, these simulations closely match the ob- 
served behavior for neurites of both cell types. A feel for the 
contribution of individual model elements is gained by simu- 
lating the distension behavior of  a family of  hypothetical neu- 
rites that vary only in one mechanical element; this is done 
in Fig. 7. 
Tension Induced Phase 3  '~rowth" 
In 9  of the total 20 trials on PC12 neurons, neurites were 
subjected to initial applied forces >100 microdynes; these 
neurites then exhibited a three-phase lengthening response. 
Phases 1 and 2 (discussed above) were followed by a third 
period where elongation and tension decrease either failed 
to plateau before the trial ended or plateaued only after neu- 
rite axial tension fell below 50-100 mi'crodynes (Fig. 8). In 
two cases, neurites were exposed to both a low and high ini- 
tial applied force. A clear qualitative difference  was observed 
between  the  low-force  (<100  mierodynes)  two-phase  re- 
sponse and the high-force (>100 microdynes) three-phase re- 
sponse for both neurites, as seen in Fig. 9. In an additional 
two cases, final neurite tensions near the end of the disten- 
sion were approximately half of the initial rest tensions, a re- 
sult that cannot be accounted for by passive viscoelastic be- 
havior. 
After release, neurites that exhibited a three-phase elonga- 
tion typically lay flaccid and sinusoidal on the dish for up to 
several minutes; they were obviously longer but not thinner 
as a result of expe  "rlmentally applied forces (see Fig. 1). With- 
in 5-15 min, these neurites shortened and finally straight- 
ened between the growth cone and cell body attachments to 
the dish. In eight trials, when a series of short-duration dis- 
tensions were successfully made both before and after recov- 
ery from a long-duration distension, final rest tensions aver- 
aged 93  +  16% and final spring constants averaged 93  + 
22% of initial values. 
For purposes of analysis, we defined phase 3 elongation as 
beginning 10 min after the initial application of experimental 
tension. This criterion was our best attempt to compromise 
two opposing criteria, excluding the phase 2 behavior that 
dominates the early response and retaining enough data for 
analysis. Fig. 10 plots average phase 3 elongation rate against 
initial applied force for each of the 20 long-duration disten- 
sion trials. Fig. 10 suggests a threshold value of •100  micro- 
dynes to achieve a positive phase 3 elongation rate and also 
a roughly linear dependence of elongation rate on applied 
force >100 microdynes. However, in 3 out of 20 trials on 
PC12  neurons,  the  neurites  responded  to  initial  applied 
forces >100 microdynes by exhibiting a two-phase lengthen- 
ing response (near zero phase 3 elongation rate) and rapid 
(<1 min) recovery typical of the behaviors observed for ini- 
tial applied forces <100 microdynes (Fig.  10). 
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Figure 6  Comparison of neurite distension data with the predicted 
behavior of the mechanical model shown in Fig. 5. (.4) Experimen- 
tad data (solid circles) from a PC12 neurite and (solid line) the 
predicted viscoelastic response of the three-element mechanical 
model having the moduli given in the box to the same (as ex- 
perimental) initial applied force. (B) Experimental data (solid cir- 
cles) from a DRG neurite and (solid line) the predicted viscoelastic 
response of the three-element mechanical model having the moduli 
given within the box to the same initial applied force. As described 
in the text, the spring constants for the mechanical model were de- 
rived analytically from the experimental data, while the dashpot 
constant was fitted by iterations of the computer program. 
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Figure 7. The effect of changes in spring and dashpot constants  on 
the behavior of the three-element  mechanical model (Fig,  5 A) to 
an initial applied  force of 400 microdynes. In all panels,  predicted 
axial tensions are plotted against time. For each panel, two moduli 
are held constant and the third is systematically varied. (A) The con- 
stunt (k0 of the stiff,  undamped spring is varied, while k2  =  4 
microdynes/ttm and H  =  6,000 microdynes • s//~m. As spring 1 is 
stiffened,  its  initial  extension  to accommodate 400  microdynes 
decreases.  Subsequent  accomodation of spring  1 tension through 
the extension of spring 2 causes spring 1 to shorten. This shortening 
of spring I dissipates progressively more force as its spring constant 
increases.  This causes the displayed progressive decline in the ten- 
sion plateau  value  as spring  1 is stiffened.  (B) The constant of 
spring 2  (k2) is varied,  while 'k~  =  9 microdynes//~m  and H  = 
6,000 microdynes • s//tm.  The initial  extension  of spring 1 to ac- 
commodate 400 microdynes is constant throughout. As spring 2 is 
stiffened, it elongates progressively less to subsequently  accommo- 
date the tension, causing a progressive decrease in the shortening 
of spring 1 with time. This is responsible for the increase in plateau 
tension  levels  with increase  in I(2. (C) The dashpot constant is 
varied, while kt  =  9 and 1(2  -  4 microdynes//~m.  The dashpot 
does not effect the plateau  value of tension, only the time of ap- 
proach to plateau.  If the lines for the larger dashpot constants  were 
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Figure 8. Response of a PC12 neurite to a long-duration  distension 
with initial  applied  force >100 microdynes. (A) Neurite length as 
a function of time after an initial applied force of 233 microdynes. 
(B) Neurite tension as a function of  time after the same initial force 
application.  As shown here,  10 of 12 PC12 neurites  responded to 
initial applied force >100 microdynes with a third phase of elonga- 
tion that continued for as long as the neurite was observed or until 
neurite  tension fell below 50-100 microdynes. 
Taxol Inhibition of Phase 3 Elongation 
In five trials on five PC12 neurons, neurites were exposed to 
initial applied tensions >100 microdynes in the presence of 
1 /~M  taxol,  a  potent  stimulator  of microtubule  assembly 
(Schiff et al.,  1979).  In these neurites,  phase 3  elongation 
was completely eliminated with little or no qualitative effect 
on either phase  1 or 2  (Fig.  11). In these experiments,  the 
neurite recovers rapidly after release from the high initial ap- 
plied force, typically becoming straight and normal in ap- 
pearance  within  2  rain.  In three out of five of these taxol 
trials, we were able to perform a series of short-duration dis- 
tensions both before and after the long-duration distension. 
The values for recovered rest tensions and spring constants 
extended  for sufficiently long periods, all curves would reach the 
same plateau.  As the viscosity of the dashpot declines,  the force 
causes more rapid flow allowing springs  1 and 2 to reach equilib- 
rium more quickly. The dotted line in each panel shows identical 
behavior for the case k~  -- 9 microdynes/t~m,  k2 =  4 micredynes/ 
/~m, and H  =  6,000 microdynes • s//~m. 
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plied tension. All eight neurites initially subjected to applied force 
<100 microdynes showed elongation rates near zero. 9 of 12 neu- 
rites (solid circles)  subjected to applied force >100 microdynes 
showed a linear correlation of phase 3 elongation rate with applied 
force. Only solid circles were used in plotting the least squares fit 
linear regression line shown as a solid line. The remaining three 
neurites subjected to applied force >100 microdynes showed no 
correlation of elongation rate with applied force. 
•  0 
o  ° 
•  •  • 
~_0  O  0 
100  200  300  600  700  800 
130 :  ................................  600 
ten•ion  ,400 
110 lee  cocoa•  •  o °°°°°°°°°°•°°• 
ace  •  •co  300  I00~ 
~ 
O000000000000Oo00000000000000  '200 
90  length  100 
80 I  ...........................  ,  •  0 
0  10  20  30  #0  50  60 
"lime  (mini) 
v 
Z 
80  '  ....  '  ....  i  ,  ,  ,  ...... 
;  5o  [3 
•  30  n ,no 
# 
.~  20 
10 
0  /  :  "  .- 
-10  .....  ........... 
100  200  300  #00 
Initial Applied Force  (udynee) 
Figure 11. Response of PCI2 neurites to applied forces >100 micro- 
dynes in the presence of taxol.  (A) Neurite  length and tension as 
a function of time for a single trial with an initial applied force of 
287 microdynes in the presence of 1 #M taxol. As shown here, all 
such neurites responded with a  two-phase viscoelastic response. 
(B) Phase 3 elongation rate as a function of initial applied force for 
neurites in the presence of I/zM taxol. The regression line for un- 
poisoned neurites as in Fig. 10 is reproduced here for comparison. 
No taxol-poisoned neurites showed phase 3 elongation. 
were higher than initial values, similar to the unpoisoned, 
two-phase recoveries;  final rest tensions averaged  185  + 
34% and final spring constants averaged 148 :i: 45% of ini- 
tial values. 
Redevelopment of Neurite Tension after Slackening 
We previously reported that DRG neurites that were slack- 
ened appeared to redevelop tension (Lamoureux et al., 1989). 
The slow recovery of PC12 neurites from phase 3 elongation 
also suggested to us that the neurite might be actively produc- 
ing tension to shorten.  We investigated this possibility in 
chick DRG neurons in which the force measurement tech- 
nique allows quantitative observations of shortening. We ob- 
served the effect of a sudden decrease in DRG neurite tension 
by measuring neurite tensions after a back up micromanipu- 
lation that slackened the neurite (see Materials and Meth- 
ods). In all 26 trials on 15 DRG neurons, there was a clear 
redevelopment of tension after slackening (Fig.  12).  In 10 
trials, neurites redeveloped tension to a plateau below the ini- 
tial, pre-back up tension to an average of 70% of the initial 
tension  (Fig.  12  A).  However,  in  16  trials,  the  neurite 
achieved tensions higher than initial values with final ten- 
sions averaging 152%  of the initial tension (Fig.  12 B). In 
two of  five neurites that underwent two consecutive back ups, 
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Figure 12. Response of  chick DRG 
neurites  to  slackening.  Neurite 
tension  with time after a sudden 
decline in neurite tension.  For all 
panels the open circles represent 
the  preexpedmental  plateau  as 
the  last  two time  points  before 
backing  up  the  micromanipula- 
tor. (A) The response of a neurite 
that did not recover to the preex- 
perimental  tension level. This re- 
suit was obtained  in 10 out of 26 
trials.  (B) The response ofa neu- 
rite  that developed  tension  to a 
level greater than the preexperi- 
mental  equilibrium.  This  result 
which  cannot  be  obtained  with 
passive  springs  or dashpots  was 
obtained  in  16 out of 26 trials. 
(C) One of  two neurites that over- 
shot  the  previous  plateau  ten- 
sion value after both of two con- 
secutive  slackenings.  This result 
cannot be obtained  from passive 
springs  or dashpots. 
tension recovered above its previous apparent plateau both 
times (Fig.  12 C). There was a tendency for a given neurite 
to behave similarly in repeated trials.  For example,  neurite 
15 consistently failed to recover to initial tension values in 
three trials, while neurite 7 more than doubled its initial ten- 
sion values in both of its trials. No other factor analyzed thus 
far-including  previous back up  treatment,  initial  neurite 
length, initial tension, or relative or absolute amount of ten- 
sion  drop-correlated  with  either  the  absolute  or relative 
amount of tension recovery. 
Our previous results suggested that the neurite shaft devel- 
oped tension only after slackening (Lamoureux et al., 1989). 
To confirm this and as a control for the effect on needle ten- 
sion of needle attachment to the growth cone, the mechanical 
response of DRG ncurites  to needle attachment in the ab- 
sence  of distension  or slackening  was  assessed  for 40-75 
min.  In all nine trials on nine DRG neurons,  lasting from 
40-75  min,  neurite  tension  remained  relatively  steady  as 
shown for three representative neurites  in Fig.  13. 
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bTgure 13. Response of  chick DRG 
neurites  to  micromanipnlation 
without stretching or slackening. 
Neurite tension as a function of 
time for three representative neu- 
rites that  were attached to cali- 
brated needles and allowed to in- 
cubate  at  their  preexparimental 
length without experimentally in- 
duced changes in neurite tension. 
As shown here, all nine such neu- 
rites maintained fairly steady new 
rite tensions. 
Discussion 
We found that neurites respond passively to force by deform- 
ing as viscoelastic solids, as previously reported for other 
cell types (Mitchison and Swarm,  1954;  Hiramoto,  1963, 
1970; Pasternak and Elson,  1985).  Consistent with visco- 
elastic solid behavior, we observed two-phase elongation/ 
stress relaxation behavior leading to new, steady-state values for 
both PC12 and chick DRG neurites using two different mea- 
surement techniques. Also, consistent with a passive elastic 
response was the rapid recovery from these biphasic elonga- 
tions; neurites returned to original linear morphology within 
1 min after release. Neurite behavior matched closely the 
predicted behavior of the three-element mechanical mode of 
a viscoelastic solid shown in Fig. 5, as shown by computer 
simulation.  In  addition to confirming the  validity of this 
model, the computer simulation program also provided us 
with a better understanding of the possible response changes 
that could occur through qualitative differences in spring and 
dashpot constants (Fig. 7). We hope that this quantitative ap- 
proach will, in the future, permit a better understanding of 
the role of particular cytoskeletal elements in determining 
the mechanical properties of the cell. For the present, how- 
ever, we can provide only a very limited biological interpre- 
tation for the specific values of the spring and dashpot con- 
stants of the mechanical model. DRG neurons in all cases 
proved to be mechanically stiffer than PC12 neurons; gener- 
ally both spring constants of DRG neurites were 5-10 times 
greater and dashpot constants were some 10-20 times great- 
er than those of PC12 neurites. We speculate that this may 
be due in part to neurofilaments, which are common in DRG 
neurites but are not a significant feature of PC12 ultrastruc- 
ture (Luckinbill-Edds et al., 1979; Heidemann et al., 1985; 
Jacobs and Stevens,  1986). Earlier work with cytochalasin 
D  (Dermerll et al.,  1988) points to a strong association of 
the undamped spring (k0 with a neurite actin network, pre- 
sumably the cortical actin network beneath the axolemma 
(Hirokawa, 1982; Schnapp and Reese, 1982). Unfortunately, 
most anticytoskeletal drugs have side effects-e.g., causing 
loss of growth cone adhesion and/or neurite retraction- that 
prohibit a  clear interpretation of the cytoskeletal basis  of 
these constants. 
PC12 neurites exposed to initial applied forces of >100 
microdynes showed an additional third phase of elongation 
(Fig. 8) that we interpret as towed neurite growth, entirely 
similar to that previously reported by Bray (1984) in response 
to experimentally applied tension. This interpretation is sup- 
ported by the observation that neurite lengths increased up 
to 218% of initial length during distension without observ- 
able changes in diameter or obvious damage. Also, in two 
trials, final plateau neurite tensions were below initial rest 
tensions. This result cannot be obtained with any combina- 
tion of passive springs and dashpots, but is consistent with 
tension dissipation through mass addition.  These neurites 
also showed recovery behavior that was distinct from two- 
phase recovery, requiring significantly longer times to re- 
cover to original linear morphology. In some respects, phase 
3 elongation is characteristic of dashpot behavior. Thus, in 
Fig.  14 we model total neurite response by the addition of 
a special "growth dashpot" in series with the previous model 
in Fig. 5 A. This growth dashpot elongates in a manner simi- 
lar to flow, albeit by the living mechanism of mass addition. 
Growth cannot be controlled by varying the values kl, k2, 
and H because growth is inelastic; a given neurite length is 
not associated with a given force. Putative growth from this 
element appears to occur above a tension set point of ,',,100 
microdynes in PC12. Above this tension load, towed growth 
occurred in 8 out of 12 neurites with a linear dependence of 
k2  H 
"growth" 
Figure  14.  Mechanical model of PC12 
neurite behavior including phase 3 elon- 
gation. An additional growth dnshpot is 
added in series to the mechanical model 
shown in Fig. 5 A. Phase 3 elongation 
resembles the response of a dnshpot to 
tension in dissipating the tension through 
elongation and in the linear relationship 
between applied tension and elongation 
rate. Insofar as we have interpreted phase 
3 elongation to be growth, it is not sur- 
prising that phase 3 has some aspects 
that cannot be accounted for by any pure- 
ly passive mechanical element; among 
these  are the  apparent  dependence  of 
phase 3 upon microtubule assembly and 
the change in elongation behavior above 
and below certain tension thresholds. 
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eight neurites showed near zero elongation rates. The exis- 
tence of a set point is further supported by the different elon- 
gation behavior of two neurites that were subjected to initial 
applied forces both below and above 100 microdynes (Fig. 
9).  We  investigated the  role  of microtubule assembly  in 
phase 3 elongation by observing the effects of 1 #M taxol, 
a known stimulator of microtubule assembly on long-dura- 
tion distensions above an initial applied force of 100 micro- 
dynes. While taxol treatment showed no effect on phase 1 or 
2 elongation, the phase 3 elongation rate was strongly inhib- 
ited compared with the control (nondrugged) neurites (Fig. 
11); i.e., taxol locks up the growth dashpot in Fig. 14. Our 
interpretation is that tension-induced growth is dependent 
upon microtubule assembly, as expected for neuronal growth 
in general (Mitchison and Kirschner, 1988).  Taxol may be 
disrupting the normal microtubule assembly necessary for 
neurite growth in a manner similar to the reported taxol inhi- 
bition of growth cone-mediated growth  (Letourneau and 
Ressler, 1984; Sinclair et al., 1988).  This growth inhibition 
seems likely to be the result of tubulin dimer depletion but 
could also be due to a structural interference in the growth 
process caused by the addition of the ~'taxol microtubulesY 
Using the distension method here, a single pull allowed to 
relax over time, we were unable to distinguish in DRG neu- 
rites a third phase of elongation distinct from passive visco- 
elastic behavior. This is not surprising given their greater me- 
chanical stiffness. DRG neurites require substantially longer 
times than PC12 to passively dissipate a strain, as can be seen 
by comparing Fig. 3 with Fig. 4. For typical experimental 
durations of 60-70 min, any distinct growth response would 
be hidden in the passive behavior. Also, the greater stiffness 
of DRG neurites dictated the use of stiffer needles that were 
moved shorter distances to apply a given force. Because a 
neurite cannot elongate further than the initial movement of 
the micromanipulator, DRG neurites had a very limited op- 
portunity for continued phase 3 elongation. Various observa- 
tions nevertheless suggest a tension threshold for DRG neu- 
rites as well. First, the neurite was held at a positive tension 
for '~1 h without elongation to obtain a preexperimental pla- 
teau value for tension. Also experiments in progress, in which 
DRG neurites are subjected to 1-h-long steps of  constant force, 
suggest that these neurites, like PC12 neurites, respond dif- 
ferently to low and high applied tensions. 
Chick DRG neurites are able to actively generate tension 
in response to decreases in applied force. When these neu- 
rites are slackened, they respond with a biphasic shortening 
and tension recovery that looks like the inverse of the two- 
phase response to distension discussed above (Fig. 12). The 
viscoelastic model shown in Fig. 5 A predicts passive tension 
recovery to slightly less than the initial preslackened value, 
demonstrated by  a  sequence  that  is  the  converse  of the 
lengthening events in Fig. 5. An instantaneous shortening in 
length causes neurite tension to fall immediately as spring 1 
shortens, but the response of the Voight element spring is 
delayed by the slowness of the dashpot response. Tension is 
thus "stored" transiently in the Voight element. As the dash- 
pot flows  out,  this "reserve" tension equilibrates over the 
whole system causing the Voight  element to shorten and 
spring 1 to elongate. The lower tensions predicted by this 
purely passive response were obtained experimentally only 
38%  of the time after a neurite shortening. In 62%  of the 
trials tension recovery exceeded and sometimes even dou- 
bled initial values. In two neurites, this overshoot response 
was exhibited twice after each of two consecutive slacken- 
ings (Fig.  12 C).  These latter results imply active tension 
generation by the neurite. Insofar as actin and myosin have 
repeatedly been localized to the neurite/axon cortex (Roisen 
et al.,  1978; Kuczmarski and Rosenbaum, 1979;  Bridgman 
and Daily, 1989), it seems likely that this tension generation 
is the result of some actomyosin mechanism. This tension 
generation was observed in this and in previous experiments 
(Lamoureux et al.,  1989) to require the stimulus of neurite 
slackening. Experiments in which the neurite was attached 
to a needle but was not subsequently slackened failed to pro- 
duce significant tension changes (Fig.  13). 
We conclude that neurite/axon length is regulated by axial 
tension in both elongation and retraction, as previously sug- 
gested by Campenot (1985).  More specifically, our data sug- 
gest a tension-sensitive, three-way control of neurite length 
(Fig.  15) via a reversible growth process-e.g., the growth 
dashpot  of Fig.  14.  Neurite  tensions  above  some  upper 
threshold value (set point) stimulate elongation, presumably 
involving cyoskeletal assembly. A tensile regulatory mecha- 
nism is not unexpected given the evidence for towed growth 
and a pulling growth cone (Weiss,  1941; Bray,  1982,  1984; 
Lamoureux et al.,  1989).  At some different, lower tension 
threshold (set point), neurites are stimulated to generate ten- 
sion and thereby retract. Our data support Campenot's (1985) 
proposal that the tension generation and retraction response 
is the reverse of growth: e.g., in our model the growth dash- 
Figure 15. Diagrammatic representation of a proposed three-posi- 
tion control for tension regulation of neurite length. The figure on 
the left summarizes the response of neurites to changes in neurite 
tension, while the figures on the riot put this response into the con- 
text of a familiar three-position control: a double-pole, double- 
throw electric switch. Our data for PC12 cells suggests  that at neu- 
rite tensions above some threshold, towed growth (Weiss, 1941; 
Bray, 1984) occurs. In the context  of  the control of  the growth  dash- 
pot pictured in Fig. 14, this reflects  a switch  in one of  two oppositely 
acting positions causing the dashpot to elongate. At neurite tensions 
below a different, lower threshold, the neurite is stimulated to 
generate tension, shortening the neurite. The control is shown in 
the reverse position causing the dashpot to shorten. At neurite ten- 
sions between the two thresholds the neurite responds with passive 
viscoelastic behavior. That is, the growth dashpot is not engaged 
because the control is in neutral, not making contact with either 
pole. 
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neurite. We presume that the tension generation we observed 
is responsible for the complete retraction into the cell body 
of the proximal portions of severed neurites of chick sensory 
or PC12 cell (Shaw and Bray, 1977; Wessells et al.,  1978; 
Joshi et al.,  1985; George et al.,  1988). This is supported 
by the similarity  in the time scale for retraction (Shaw and 
Bray, 1977; Wessells et al.,  1978; George et al.,  1988) and 
for tension generation of DRG neurites,  both ,'020-60 rain. 
A  similar  mechanism may underlie  the retraction of axons 
from the neuromuscular junction (Korneliussen  and Jansen, 
1976;  Bixby,  1981; Riley,  1981; Morrison-Graham,  1983). 
Rich and  Lichtman  (1989)  have  shown that acetylcholine 
receptors  diminish in  number  directly  beneath  eliminated 
axons before any obvious change in the axon. Their data sug- 
gest that postsynaptic  molecules are required for terminal 
maintenance.  If, as seems likely, some of these postsynaptic 
molecules are involved in adhesion, their loss would cause 
a decline in axonal tension in a manner similar  to severed 
neurites,  possibly inducing motor axon tension generation 
and retraction. We have previously reported on a model that 
can, in principle,  explain how changes in the support for ax- 
onal tension could regulate the microtubule assembly or dis- 
assembly  that must accompany elongation and  retraction 
(Buxbaum and Heidemann, 1988). This interpretation of the 
symmetry of the growth and retraction process and its regu- 
lation by mechanical force is fundamentally  similar  to the 
views of Campenot (1985) and also of George et al.  (1988). 
Particularly  striking is the similarity  of our conclusions to 
those of Campenot (1985) in the face of very different ex- 
perimental  regimes  for  stimulating  elongation and retrac- 
tion. A  similar growth regulatory mechanism suggested by 
studies with applied tension and with a physiological growth 
factor increases our confidence in the existence of cytome- 
chanical control of neurite length. Finally, the passive visco- 
elastic response region of Fig. 15 also may have physiologi- 
cal importance in "buffering"  this regulatory mechanism from 
inappropriate  signals.  In this range,  for  example,  tension 
changes induced by skeletal movements would not cause elon- 
gation or retraction. 
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